Overexpression of anti-apoptotic Bcl-2 proteins is commonly observed in a variety of cancers and associated with resistance to conventional chemotherapeutic drugs. Targeting multiple anti-apoptotic proteins is now possible with the small molecule BH3 domain mimetics such as AT-101. Autophagy has been found to function as a resistance mechanism against apoptotic cell death. In this study, we investigated the role of autophagy in the AT-101-induced apoptotic death of human lung cancer cells. It was found that AT-101 dose-dependently induced both apoptosis and autophagy in A549 lung cancer cells. And the apoptotic cell death induced by AT-101 was greatly enhanced after autophagy inhibition. Our findings demonstrated that AT-101-induced autophagy was cytoprotective rather than being part of cell death process in lung cancer cells. Inhibition of autophagy in combination with efforts to enhance apoptosis through targeting the Bcl-2 family of proteins may be a promising strategy to overcome drug resistance.
Non-small cell lung cancer (NSCLC) accounts for 75% of all lung cancers and even with improved diagnostic approaches and introduction of novel treatments in the past decades, the median 5-year overall survival is still only 15 months [1] . The Bcl-2 family plays a critical role in determining the susceptibility of cells to apoptosis, and its overexpression has been shown to be associated with drug resistance to various categories of chemotherapeutic agents [2] [3] [4] . Elevated Bcl-xL and Bcl-2 levels have also been observed in non-small cell lung cancer [5, 6] . Gossypol, a natural BH3-mimetic compound, is currently found to be able to bind to the BH3 domains of Bcl-2, Mcl-1, and Bcl-xL and exhibit anti-carcinogenic effects toward a wide variety of cancers both in vitro and in vivo [7] [8] [9] .
Autophagy is a major intracellular mechanism for the degradation and recycling of proteins, ribosomes, and entire organelles. Under normal condition, autophagy functions to maintain internal homeostasis by eliminating unnecessary or excessive proteins and injured or aged organelles. Meanwhile, autophagy is also found in some pathological conditions, including myopathy, neuronal degeneration, infectious disease, and cancer [10] . Because BH3-mimetic compound can induce autophagy through binding to the BH3-binding groove of Bcl-2 or Bcl-xL and releasing Beclin1, its role in autophagy has drawn more attention [11] [12] [13] .
In this study, we focused on the investigation of the role of autophagy induced by AT-101 (R-(-)-gossypol acetic acid) in non-small cell lung cancer (NSCLC). AT-101 is a natural BH3 mimetic small molecule binding to the BH3 domains of Bcl-2, Bcl-xL, and Mcl-1, which has been reported recently to induce apoptosis in multiple cancer cell lines with high levels of Bcl-2 and/or Bcl-xL [7] [8] [9] . We demonstrated that AT-101 induced apoptosis and autophagy in A549 lung cancer cell line, and provided evidence for the first time that inhibition of autophagy enhanced the apoptosis induced by AT-101.
Material and methods
A549 lung cancer cell line was purchased from American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in RPMI1640 medium (Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a CO 2 incubator (37°C, 5% CO 2 ). Antibodies against Bcl-xL, Bcl-2, Mcl-1, ATG5, ATG7, Beclin 1, microtubule-associated protein 1 light chain 3 (LC3) and p-mTOR (S2448), p-S6K (T389) and p-4EBP1 (Thr37/46) were obtained from Cell Signaling. Monoclonal anti β-actin and secondary antibodies were purchased from Santa Cruz Biotechnology. Z-VAD-FMK and wortmannin were obtained from Sigma. AT-101 was provided by Ascenta Therapeutics. Stock solution was prepared in 100% dimethyl sulfoxide (DMSO) and stored at -20°C. The drug was diluted in fresh medium before each experiment. The siRNAs to ATG5, ATG7 and control siRNA were obtained from Qiagen.
Apoptosis assay. A549 cells (5 × 10 5 /well) were plated in a six-well plate. After overnight incubation, cells were treated with DMSO or different concentrations of AT-101 combined with 20 μM Z-VAD-FMK for 48 hours. Apoptotic events were evaluated by annexin V labeling using Annexin V-FITC apoptosis detection kit (BD Pharmingen) according to the manufacture's instruction.
Western blot. After treatment with AT-101, A549 cells were collected and underwent lysis in lysis buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM ethylene glycol tetraacetic acid, 1 mM sodium vanadate, 10 mM sodium pyrophosphate, 10 mM NaF, 300µM p-nitrophenyl phosphate, 1µg/mL leupeptin, 1 mM phenylmethanesulfonylfluoride, 10 µg/mL aprotinin, pH 7.3). Western blot was conducted in 12% and 8% sodium dodecyl sulfate polyacrylamide gels. After the completion of electrophoresis, the gels were transferred to the nitrocellulose membrane, and blocked with 5% nonfat dry milk in phosphate buffered saline-Tween 20 for one hour at room temperature. The membranes were incubated with the primary antibodies overnight at 4°C. After washing with TBST three times, the membranes were incubated with the secondary antibodies for one hour and subjected to Western blot analysis with ECL detection reagent (Millipore).
Quantitative Real Time-PCR. Total RNA isolated from the cells using RNeasy kit (Qiagen) was reverse-transcribed using oligo (dT) and Superscript II RT (Invitrogen) and the resulting cDNA was used for PCR amplification using gene-specific primer pairs. PCR conditions for these reactions were as follows: 95 °C, 10 s; 58 °C, 30 s; 72 °C 10 s for 40 cycles. Bio-Rad iQ5 multicolor PCR detection system and iQ5 optical system software analysis were used for quantifying gene expression (Bio-Rad, version 2.0). The expression levels of ATG5 and ATG7 were normalized to GAPDH. The primers used for real time PCR were as follows: ATG5 forward: TTC AAT CAG GTT TGG TGG AGG C and reverse: ATG GCA GTG GAG GAA AGC AGA G; ATG7 forward: ATG CCT GGG CAT CCA GTG AAC TTC and reverse: CAT CAT TGC AGA AGT AGC AGC CA; GAPDH forward: GGA GTC AAC GGA TTT GGT and reverse: GTG ATG GGA TTT CCA TTG AT.
GFP-LC3 analysis. A549 Cells were transfected with GFP-LC3 vector using Lipofectamine 2000 (Invitrogen). After 24 h, cells were treated with DMSO (control) or AT101 (15μM) for 48h, and then fixed in 4% formaldehyde for 10 min. Cells were then washed twice with PBS and stained with DAPI, and observed under a fluorescence microscope.
Immunoprecipitation. A549 cells (5 × 10 6 ) were treated with AT-101 (15μM) or DMSO for 48h and lysed in CHAPS lysis buffer (20 mM Tris (pH 7.4), 137 mM NaCl, 2 mM EDTA, 10% glycerol, and 2% CHAPS) for 3h at 4 °C. The cleared lysates were subjected to immunoprecipitation with anti-Beclin 1 antibody and protein G-Sepharose. The immunoprecipitates were then analyzed by Western blotting using antibodies against Bcl-xL, Beclin 1 and LC3.
RNA interference. A549 cells (5 × 10 5 /well) were plated in six-well plates and transfected with siRNA by Lipofectamine 2000 according to the manufacturer's manual. AT-101 was added to the cells 24 h after transfection. Cells were then incubated for 48 h prior to western blot or apoptosis assay.
Statistical analysis. Statistical analysis of the differences between the groups was performed using Student's t test. Probability values of less than 0.05 were considered statistically significant.
Results
AT-101 induced apoptosis and autophagy in A549 lung cancer cells. It has been showed that AT-101 can exhibit proapoptotic effect in a wide variety of cancer types both in vitro and in vivo. To assess the effect of AT-101 on lung cancer cells, A549 cells were treated with different concentrations of AT-101 or AT-101 combined with a pan-caspase inhibitor Z-VAD-FMK (Z-VAD) for 48h and analyzed with Annexin V assay. As shown in Figure. 1A, the number of AT-101-induced apoptotic cells was significantly increased in a dose-dependent manner compared with that of untreated cells. Bcl-xL is a major antiapoptotic protein in the Bcl-2 family whose overexpressions is more widely observed in human lung cancer cells than that of Bcl-2 and Mcl-1 [5] . To further investigate the potential mechanism of AT-101-induced apoptosis, cells treated with AT-101 were subjected to immunoblottings using antibodies against Bcl-xL, Bcl-2 and Mcl-1. AT-101 treatment of A549 cells resulted in a dose-dependent downregulation of Bcl-xL expression, while the protein levels of Bcl-2 and Mcl-1 remained constant (Fig 1B) .
We next explored the activation of autophagy in A549 cells by AT-101. The conjugation of cytoplasmic protein LC3 to phosphatidylethanolamine is a characteristic marker of autophagy, resulting in the formation of LC3-II, a form that localizes to the presautophagosomal and autophagosomal membranes. In response to autophagy, the conversion of LC3-I into LC3-II before and after AT-101 treatment was determined by western blotting. It was found that AT-101 could also induce the switch of LC3-I to LC3-II in a dose dependent manner in A549 cells, indicating the activation of autophagy ( Fig. 2A) . We next examined the effects of AT-101 on the expression of ATG5 and ATG7, two critical proteins in regulating the formation of autophagosomes. AT-101 treatment increased the protein expressions of ATG5 and ATG7. However, there were no difference between the treatment and control group for the mRNA expression level, the result of which may be due to post-transcription mechanism (Fig. 2B) . The cellular localization of LC3 can also be evaluated by stably transfected cells using the fluorescent autophagy marker GFP-LC3. As illustrated in Fig. 2C , AT-101 induced an accumulation of a punctuate fluorescent pattern, indicating the redistribution of LC3 to autophagic structures, whereas untreated cells displayed diffuse staining, confirming once again that AT-101 induced autophagy in A549 cells.
Previous studies have shown that the anti-apoptotic proteins like Bcl-xL or Bcl-2 down-regulated autophagy by binding to Beclin 1. And BH3 mimetic molecules can induce dissociation of the Beclin 1-Bcl-2/Bcl-xL complex to induce autophagy [15] . Since Bcl-xL expression was down-regulated after AT-101 treatment in A549 cells, we therefore wanted to investigate the effect of AT-101 on the dissociation of Beclin 1 and Bcl-xL. Co-immunoprecipitation experiments showed that when AT-101 induced autophagy, dissociation of the Beclin 1-Bcl-xL complex was also observed in A549 cells (Fig.  2D) . Taken together, these data suggested that AT-101 might induce autophagy by disrupting the Beclin 1-Bcl-xL complex in A549 cells.
AT-101-induced autophagy in A549 cells is associated with inhibition of mTOR pathway. Autophagy is a complex process that is regulated by multiple protein complexes. Several studies revealed that BH-3 mimetics could also stimulate other pro-autophagic signal-transduction pathways [16, 17] . The mTOR complex 1 (mTORC1) controls initiation of autophagy upstream of the ULK1 (uncoordinated-51-like kinase 1, the mammalian ATG1 orthologs) complex. Activation of mTORC1 downregulates autophagy and is responsible for the phosphorylation of 4E-BP1 and the p70S6K, two proteins involved in protein synthesis. Phosphorylation of mTOR, 4E-BP1 and p70S6K in A549 were significantly reduced by AT-101 (Fig. 3) . These findings showed that AT-101-induced autophagy might also be associated with mTORC1 inhibition.
Inhibition of autophagy potentiates AT-101-mediated apoptotic cell death. A growing body of evidence implicates that autophagy can serve as a protective response against tumor cells death. Therefore, to determine the effect of inhibition of autophagy on the cytotoxic effect of AT-101, A549 cells were treated with AT-101 (15 μM) with and without a chemical autophagy inhibitor wortmannin (100 nM) for 48h. Treatment with wortmannin attenuated the levels of LC3 II, ATG5 and ATG7 induced by AT-101 (Fig. 4A) . Moreover, co-treatment of AT-101 and wortmannin significantly potentiated AT-101 mediated apoptotic cell death in A549 cells, whereas wortmannin alone caused minimal apoptosis (Fig. 4B) . In order to exclude the non-specific effect of Wortmannin, we knocked down the expression of the autophagy essential genes ATG5 and ATG7 using specific siRNAs. Autophagy was also suppressed by knockdown of the autophagic proteins ATG5 or ATG7 (Fig. 4C) . Consistent with the pharmacological inhibition of autophagy, the down-regulation of ATG5 or ATG7 expression also significantly enhanced the apoptotic cell death induced by AT-101, confirming that AT-101-activated autophagy is cytoprotective (Fig. 4D) . 
Discussion
The current standard therapies of cancer largely depend on anti-proliferative signals triggered by drug-or radiationinduced DNA damage [18, 19] . Despite recent advances for introduction of target drugs, the vast majority of cancers develop resistance. Advanced NSCLC is such an example of a highly prevalent cancer with poor prognosis. Cytotoxic chemotherapies produce objective remissions only in a minority of cases. Consequently, the development of novel therapies is urgently required, and will be facilitated by a detailed understanding of molecular effector and resistance mechanisms. During the past decade apoptosis signaling has received much attention as a potential target for cancer therapies. It has been found that the permeabilization of the mitochondrial outer membrane (MOM) regulated by the BCl-2 family proteins is a critical step in apoptotic signal transduction [20] . Hence, targeting BCl-2 proteins constitutes a new promising approach to cancer therapy.
Anticancer drugs take effects mainly by triggering cell cycle arrest and apoptotic or nonapoptotic cell death. Apoptosis is an active cell death executed by the activation of caspase family of proteases. DNA damage and anticancer drugs can activate caspases primarily via the "mitochondrial" pathway, which is regulated by the Bcl-2 protein family [21] . The Bcl-2 family proteins comprise both pro-apoptotic and anti-apoptotic members. Anti-apoptotic family members such as Bcl-2, Bcl-xL and Mcl-1 contain four Bcl-2 homology domains (designated BH1-4) and can prevent apoptosis by repressing essential proapoptotic proteins that contain multiple Bcl-2 homology domains (BH1-2-3), like BAX or BAK. While another group of proapoptotic Bcl-2 proteins containing only the BH3 domain (BH3-only), such as BIM, BID, PUMA or NOXA, can liberate the BH1-2-3 proteins and then permeabilize the MOM to release cytochrome c and additional apoptogenic factors into the cytoplasm to active the apoptosis [22, 23] . Preclinical models have revealed that functional defects in apoptotic signal transduction were associated with drug resistance of cancer, and constitutively overexpression of inhibitors of apoptosis as well as inactivation of apoptosis promoters commonly observed in human cancers [23] [24] [25] . Accordingly, novel therapies targeting the apoptotic machinery bear high hopes for the management of cancers resistant to conventional treatments.
Clinical studies utilizing Bcl-2 antisense oligonucleotides have also been reported in different cancers (26) (27) (28) . In addition, an alternative approach to antisense strategies is to develop small molecule inhibitors of pro-survival Bcl-2 family. Currently, AT-101 is being evaluated in phase I and II clinical trials for use as a single agent in B-cell malignancies and prostate cancer and in combination with other antitumor agents in a variety of hematologic, lymphoid, and solid tumors. More promising results were achieved in a Phase I/II trial, evaluating AT-101 in prostate cancer [3] and when AT-101 was administered in combination with docetaxel, in a Phase II trial of non-small cell lung cancer [29] . As a BH3 mimetic, it has been shown to inhibit Bcl-2, Bcl-xL, and Mcl-1 and reverse apoptosis resistance. Bcl-xL is widely expressed in both SCLC and NSCLC cells [5] and also plays important roles in the crosstalk between apoptosis and autophagy. In this study, we demonstrated that AT-101 induced apoptosis in a dose-dependent manner in A549 cells through down-regulation of Bcl-xL, indicating its potential role as a novel anticancer drug in NSCLC. Although BH3 mimetics were originally designed to stimulate apoptosis, their potential role as inducer of autophagy has recently come to light. Autophagy, designated as type II programmed cell death, is a catabolic process by which cells degrade intracellular components in vesicles. However, autophagy also functions as a pro-survival mechanism under unfavorable conditions such as deprivation of amino acids or ATPs, indicating a new role of autophagy in cancer development. Previous researches showed that gossypol could induce autophagy by liberating Beclin 1 from its inhibition by Bcl-2/Bcl-xL in different cancer cells, such as human breast adenocarcinoma cell, HeLa cell and prostate cancer cell lines [16, 30, 31] . In this study, the dissociation of the Beclin 1-Bcl-xL complex by AT-101 was also confirmed in A549 cells. Moreover, autophagy can be regulated by many factors and signaling pathways. Within the complex regulation of autophagy, the mammalian target of rapamycin (mTOR) is considered to be the central regulator of autophagy. Several studies have shown that gossypol is characterized by the inhibition of mTOR signaling, which probably occurs upstream of the Beclin 1-Bcl-2/Bcl-xL complexes [16, 17] . Consistently, our results also found that the autophagy induced AT-101 was associated with inhibition of mTOR pathway in A549 lung cancer cell line. It is found that autophagy can be activated as the cellular response to cancer therapy. And inhibition of autophagy sensitizes cancer cells to a number of therapeutic modalities, including chemotherapy, radiotherapy, hormonal therapy and receptor tyrosine kinase inhibition. By using pharmacological autophagy inhibitor and knockdown of autophagy essential genes we also found that blockage of autophagy greatly enhanced the growth inhibitory effect of AT-101. Thus, inhibition of autophagy may have the potential to improve the clinical efficacy of AT-101 for non-small cell lung cancer.
In summary, our research demonstrated that AT-101 could induce apoptosis and cytoprotective autophagy in A549 lung cancer cell and inhibition of AT-101-induced autophagy greatly promoted apoptotic cell death. Thus, a new therapeutic paradigm to inhibit autophagy in combination with efforts to enhance apoptosis through targeting the Bcl-2 family of proteins represents a promising approach with higher efficacy for NSCLC patients.
